Abstract
Hypochlorous acid and its acid-base counterpart, hypochlorite ions, produced in inflammatory conditions, may produce chloramides of glycosaminoglycans, the latter being significant components of the extracellular matrix (ECM). This may occur through the binding of myeloperoxidase directly to the glycosaminoglycans.
The N-Cl group in the chloramides is a potential selective target for both reducing and oxidising radicals, leading possibly to more efficient and damaging fragmentation of these biopolymers relative to the parent glycosaminoglycans. In this study,the fast reaction techniques of pulse radiolysis and nanosecond laser flash photolysis have been used to generate both oxidizing and reducing radicals to react with the chloramides of hyaluronan (HACl) and heparin (HepCl).
The strong reducing formate radicals and hydrated electrons were found to react rapidly with both HACl and HepCl with rate constants of (1-1.7) x 10 for hydrated electrons, respectively. The spectral characteristics of the products of these reactions were identical and were consistent with initial attack at the N-Cl groups, followed by elimination of chloride ions to produce nitrogencentred radicals, which re-arrange subsequently and rapidly to produce C-2 radicals on the glucosamine moiety supporting an earlier EPR study by Rees , respectively).These findings suggest that these potential in vivo radicals may react in a site-specific manner with the N-Cl group in the glycosaminoglycan chloramides of the ECM, possibly to produce more efficient fragmentation.
Introduction
The extracellular matrix (ECM) is made up of huge multi-molecular complexes with arrays of link proteins and aggrecan molecules along a central hyaluronan backbone. Hyaluronan (HA) is bound by a number of ECM and cell surface proteins and is a particularly important component of the ECM [1] [2] [3] [4] [5] .HA is involved in moderating many cellular processes, including proliferation, migration, adhesion and apoptosis [6] [7] [8] [9] [10] [11] . Large molecular mass fragments of HA are involved in space-filling and immunosuppressive roles, whilst smaller HA fragments have been shown to be pro-inflammatory and angiogenic; oligosaccharides may be involved in cell signalling (reviewed in [12] ).
Oxidative damage of the extracellular components by either enzymatic or nonenzymatic pathways may have implications for the initiation and progression of a range of human diseases. These include arthritis, kidney disease, cardiovascular disease, lung disease, periodontal disease and chronic inflammation. Oxidative damage to HA by reactive oxidative species (ROS) has been the subject of numerous studies (reviewed in [13] ). The potential mechanism of oxidative damage to the ECM and its role in human pathologies has also been discussed in a recent review [14] .
Our previous studies on HA have measured HA fragmentation yields as a proportion of quantifiable fluxes of free radicals produced by ionising radiation. In this way, the efficiencies of fragmentation of HA by a range of free radicals and ROS, including hydroxyl radicals, carbonate radicals, dibromide and dichloride radical anions and peroxynitrite were determined [15, 16] .
The fragmentation of HA and other glycosaminoglycans has also been investigated intensively by Davies and co-workers using both electron paramagnetic resonance (EPR) spectroscopy and sensitive PAGE techniques to show peroxynitrous acid, carbonate and hydroxyl radicals react largely in a sitespecific process to produce an array of HA fragments, in a "ladder-type display" each separated from the neighbour by the molecular mass of the repeating disaccharide unit in HA [17, 18] . Similar site-selective fragmentation was also observed when glycosaminoglycan chloramides (formed through reaction with hypochlorite) were reduced by copper (I) ions and superoxide anion radicals [19, 20] .
The formation of chloramides and chloramines from the reaction of hypochlorite with amides and amines respectively was demonstrated in an early study [21] and is suggested to be a key process in inflammation, in which hypochlorite (from myeloperoxidase) may produce glycosaminoglycan chloramides. In vitro studies of the reactions of hypochlorite with glycosoaminooglycans have indeed demonstrated that chloramides are produced in yields and rates of reaction which are dependent upon both pH and the ratio of hypochlorite to glycosaminoglycan concentrations [22, 23] and have also shown that such derivatives may accelerate the fragmentation of glycosaminoglycans within the ECM [22] . Chloramides are weak oxidising agents and are therefore, potential biological targets for reducing radicals and other reducing agents. Indeed, it has been shown that superoxide radicals cause the fragmentation of HA via a metal ion-catalysed reaction with its chloramide derivative [19] .
There is however, only a limited amount of kinetic data available on the direct measurement of the rate constants for the reactions between free radicals and glycosaminoglycans and none for the reactions with their chloramides. The technique of pulse radiolysis has been used previously to measure rate constants for the reactions of the hydroxyl radical ( . OH), the hydrated electron, (e -aq ) and the hydrogen atom (H . ) with HA [24] . In a more recent study, this was ) [16] .
Strong reducing agents such as the hydrated electron, e -aq , may be expected to react rapidly with chloramines and chloramides. Pulse radiolysis studies of the simplest chloramine, NH 2 Cl, showed that it reacts with the hydrated electron at diffusion-controlled rates (k= 2. ) [25, 26] . In more recent pulse radiolysis studies of the chloramines and chloramides of amino acid derivatives [27] and of chloro-and bromo-derivatives of model compounds, such as Nbromoglutarimide (NBG) and N-bromosuccinimide (NBS) [28] , hydrated electrons were also shown to react at near diffusion-controlled rates. In the latter study, superoxide radicals were also reacted with NBG and NBS and found to follow complex chain reaction pathways. In the case of N-chlorosuccinimide, a direct kinetic measurement could be made, yielding a rate constant of 8 x 10 ) [29] .
Consequently, in this study the fast reaction techniques of pulse radiolysis and laser flash photolysis have been used to directly measure the rate constants for the reactions of both oxidising and reducing radicals with the chloramides of HA and heparin, the latter being the most heavily sulphated glycosaminoglycan, which provides an opportunity to investigate both the effect of charge and sulphate group on the reactivity with free radicals. The biologically-relevant hydroxyl and carbonate radicals have been selected as oxidising species in this study whilst the strong reducing agents , hydrated electron and formate radicals have been selected as models for the in vivo but less strongly reducing agents such as superoxide and the disulphide radical anions of glutathione The kinetic data has also allowed the degree of selectivity to be determined, through reaction at the N-Cl group, a potential route to efficient fragmentation of the biopolymers in inflammatory conditions in the ECM.
.
Materials and methods a) Materials
Sodium formate, hypochlorous acid, tert-butanol and sodium bicarbonate were all of the highest quality available (Sigma Aldrich). HA (both 80 kDa and 0.8 MDa)
were gifts from Novozymes and the heparin sodium salt (Alfa Aesar) was of research grade.N-acetylglucosamine and taurine were purchased form Sigma Aldrich ( see Scheme 1 for the structures of HA, heparin , N-acetylglucosamine and taurine). Water for buffer preparation was prepared by an Elga system (resistivity 18 MΩ).
Scheme 1 b) Preparation of chloramines and chloramides
The chloramides were prepared from each of HA (4 mg/ml), heparin (6.4 mg/ml), taurine (1.25 mg/ml) and glucosamine (1 mg/ml) by reacting with pH-adjusted HOCl (2-9 mM) at 37°C and were terminated by addition of excess taurine to remove unreacted HOCl. Polymer chloramide reactions were carried out for a duration of 5 hrs at 37°C, which was followed by dialysis in 0.1 M phosphate buffer to remove taurine and taurine chloramines. The preparations resulted in a mixture containing both the chloramide and the parent glycosaminoglycan. prior to pulse radiolysis, were determined using the TNB assay [30] . Solutions for the laser flash photolysis and pulse radiolysis experiments were made up in 0.01 M phosphate buffer and were saturated as appropriate with research grade nitrous oxide, argon or nitrogen , as appropriate. In the case of the carbonate radical experiments, air saturated solutions were used.
c) Pulse radiolysis and laser flash photolysis
Pulse radiolysis studies were carried out using both the linear accelerator at the Curie Institute, Orsay, France and the picosecond laser triggered electron accelerator ELYSE at Laboratoire de Chimie Physique, Université Paris Sud .
In the Curie set-up, free radicals were generated by 600-1200 ns pulses of 4 MeV electrons. Radiation doses generated per pulse were calibrated from the at 455 nm has been used in the current work.
Results and Discussion

Reduction by formate radicals
In Although all the chloramide solutions contain unsubstituted gycosaminoglycan, the latter are unlikely to react with reducing radicals, as demonstrated in an earlier pulse radiolysis study of hyalruronan. Figure 3 shows the spectra in the 300-400 nm region measured at the end of the latter reaction for both HACl and HepCl solutions, which show maxima 320 / 360nm for HepCl and a much less characteristic spectrum for HACl . for HACl and HepCl respectively were estimated.
In pulse radiolysis experiments, the competing self-reactions of formate and product radicals were also significant. In order to gain accurate measurements of rate constants and also extinction coefficients at key wavelengths of the products, experiments were repeated at higher concentrations of chloramide. Experiments with HACl were limited to significantly lower concentrations than for HepCl and produced data which supported the kinetic and spectral data already determined in the laser flash photolysis experiments described above.
Limited pulse radiolysis experiments were carried out on the chloramide of the model monosaccharide, N-acetylglucosamine (N-AcGlcCl). ) and hydroxyl radicals, ( . OH), as shown in reaction (1). In the presence of tert-butanol, hydroxyl radicals are scavenged to produce non-reactive species, allowing the reactivity of the hydrated electron to be studied independently. The rates of reaction of e aq with taurine monochloramine, (TauCl) , HA chloramide (HACl) and heparin chloramide (HepCl) were determined from the decay of absorbance at 660 nm, attributable to the hydrated electron. The decays were followed typically for up to 2 μs after the pulse and were found to obey first-order kinetics. Figure 6 Table 1 Rates of reaction of the hydrated electron with HACl, HepCl and TauCl.
From the above experiments with the reducing radicals of formate and hydrated electron, it is clear that both species react rapidly with the chloramides. As expected from the respective standard reduction potentials of the hydrated electron (-2.9 V, [43] ) and carbon dioxide (-1.9 V, [44] ), the hydrated electron reacts much faster than the formate radical with the chloramides, with rate constants close to those of diffusion-controlled reactions. were found [25, 26] . Pulse radiolysis has also been used to measure hydrated electron reaction rates with chloramines and chloramides of amino acid related models, where rate constants in the range, 10 were observed [45] . These spectra were all attributed to free radicals having the structures RCONRCH 2 .
( where R can be H-or CH 3 -). N-centred radicals , in contrast, did not absorb at all in tnis region , having maxima at < 235nm [45] . Similar spectra were also observed for the oxidation of DMF by hydroxyl radicals ( [45] and by sulphate anion radicals [46] . It seems clear therefore that the same assignments attributable to carboncentred free radicals can be made in the current study on HACl and HepCl, providing support for the 1,2 hydrogen shift mechanism proposed by Davies and co-workers [19] as shown in reaction 8 and in more detail in Scheme 2 in which a chloride ion is eliminated by one-electron reductants to form a nitrogen-centred radical in the first instance followed by rapid re-arangement to form a C-2 radical on the glucosamine moiety. Both EPR data and ion-exchange chromatography to detect chloride in the one-electron reduction of glycosaminoglycan chloramides as well as in pulse radiolysis studies of the reaction of the hydrated electron with chloramines and amides confirm that chloride ion is produced in yields of 100% [47, 63] . 
Scheme 2
Although reaction (8) must produce N-centred radicals in the first instance, these spectra indicate that carbon-centred radicals only are observed, consistent with a rapid internal rearrangement. The current study provides strong spectral evidence to support the formation of such carbon-centred radicals on the glucosamine moiety as shown in Scheme 2. As in the EPR study, the nitrogencentred radicals must be short-lived as only carbon-centred radicals could be detected in the current study.
Oxidation by hydroxyl radicals
Kinetic data for the reaction of hydroxyl radicals with HACl and HepCl were obtained using the competing reactions:
. OH + HA  products ; k 9 = 4.0 x 10 
In the pulse radiolysis of nitrous oxide saturated solutions containing 2 (1) and (2). Additionally, the ABTS .-radical , used in the competition set out in reactions (9) - (11) does not react with oxygen. The measurement of rate constants for reactions (11) and (12) should not be affected by any low levels of oxygen. In these experiments, both the first order rate constant for ABTS [48] . Within the error limits, hydroxyl radicals have been shown to react with HACl in the current study at a similar rate to HA itself, indicating that the N-Cl group is not a more specific target than N-H.
Similarly, in the case of HepCl, the rate constant determined here (1.6 +/-0.3 x Most if not all these C-centred radicals, including any arising from rearrangement of the N . radical, will produce peroxy radicals. It has been shown previously that peroxy radicals of hyaluronan produced by reaction of hydroxyl radicals lead to about 15% less fragmentation [16] .
Oxidation by carbonate radicals
Laser flash photolysis (excitation at 266 nm) of air-saturated 30 mM persulphate solutions containing 300 mM bicarbonate at pH 8.5 produced high yields of the carbonate anion radical, CO 3 .-, via reaction (5) followed by reaction (13): with a pK a of 7.9 [51] . . Table 2 summarises all the kinetic data for these parent molecules. were carried out to allow for the self-reaction of carbonate radicals as well as with the chloramides and the parent biopolymers The latter rates are known from Table 2 and hence, the rate constants for reaction with the chloramides can be calculated in a relatively straightforward manner. Table 3 summarises the kinetic data for these chloramides which shows rate constants of ( Figure 10 ).
Hence, it is clear that the presence of the N-Cl group in both HA and heparin provides a significantly more attractive target than the N-H groups, with a factor of 1. [24] ) and also likely to be unselective in their sites of attack with abstraction possible at 11 C-H bonds in HA . In contrast , the moderately strong oxidizing agent , the bromide radical ion, reacts at similar rates to the carbonate radical in the current study, and was found only to abstract hydrogen at C-1 of 2-deoxy-D-ribose , in a uniquely sitespecific reaction [61] . By comparison, therefore, the presence of N-Cl appears , to present also a unique target in these glycosaminoglycan chloramides.
Abstraction of the chlorine atom from N-Cl ,for example, would lead to an Ncentred radical which would, at least in part, re-arrange rapidly to produce the C-2 radical on the glucosamine moiety, as in Scheme 2 or in part to produce C-4 radicals on the uronic acid moiety [19] . These radicals would react rapidly in the presence of oxygen to produce peroxyl radicals. The various routes to fragmentation of glycosaminoglycan chloramides via peroxy radical intermediates have been discussed in detail by Rees et al, [19] .
Conclusions
Localised excess production of HOCl has been implicated in a number of diseases that involve an acute or chronic inflammatory response (e.g. atherosclerosis, rheumatoid arthritis and asthma) [53, 54] .There is evidence that binding of myeloperoxidase to matrix components and cell-surface glycosaminoglycans directs oxidative damage towards these biopolymers [55, 56] . At sites of inflammation within the ECM, activated phagocytes release the haem enzyme myeloperoxidase and produce high concentrations of the superoxide anion and its dismutation product, hydrogen peroxide via an oxidative burst. Myeloperoxidase is a highly basic protein and is known to bind, via electrostatic interactions, to negatively charged materials such as the polyanionic glycosaminoglycans [55] . In perlecan, for example, it binds to the heparin sulphate side-chains of this proteoglycan [57] . This study has demonstrated that the N-Cl group in glycosaminoglycan chloramides confers selectivity towards free radicals and reactive oxidative species. Reducing radicals are expected to be highly, perhaps 100%, selective in their attack, as shown in this study , as models of less strongly-reducing agents such as superoxide and glutathione disulphide anion radicals, by the exclusive reaction of formate radicals and hydrated electrons at N-Cl to eliminate chloride ions. The initially-formed nitrogen-centred radical re-arranges rapidly to form a carbon-centred radical, as shown in Scheme 2 (supporting the earlier proposal made in an EPR study [19] ) probably also leading to a 100 % efficient fragmentation of the biopolymers. The potential in vivo oxidising radicals, in this study hydroxyl radicals and carbonate anion radicals, also show some significant degree of selectivity, particularly in the case of the biologically-relevant carbonate anion radical. This free radical is much more selective than hydroxyl radicals and is therefore much more likely to reach sensitive targets, such as those in the ECM. This study has shown that carbonate anion radicals are much more likely to react with N-Cl groups in the chloramides than with N-H groups, perhaps to react solely at the N-Cl group. Despite the large difference in charge density between HA and heparin, this study has not found any large effects of charge on reactivity, indicating that both non-sulphated and heavily-sulphated components of the ECM are equally likely to be site-specific targets for reducing radicals and moderately strong oxidising agents such as the carbonate radical . 
